Abstract: In this study, the authors report on two different electronic interfaces for low-power integrated circuits electric current monitoring through current-to-frequency (I-f) conversion schemes. This proposal displays the intrinsic advantages of the quasidigital systems regarding direct interfacing and self-calibrating capabilities. In addition, as current-sensing devices, they have made use of the giant magnetoresistance (GMR) technology because of its high sensitivity and compatibility with standard complementary metal oxide semiconductor processes. Single elements and Wheatstone bridges based on spin-valves and magnetic tunnel junctions have been considered. In this sense, schematic-level simulations for integration in Austria Microsystems 0.35 μm technology have been corroborated by means of experimental measurements with the help of printed circuit board prototypes and real GMR devices. Tables with relevant parameters (silicon area, power consumption, sensitivity etc.) have been constructed as practical tools for designers. Electric currents down to 2 μA have been resolved in this way.
Introduction
Traditionally, current monitoring in integrated circuits (ICs) has been performed by means of in-line integrated systems so-called built-in current sensors (BICSs), usually composed of passive elements (resistors, bipolar junctions etc.) and/or active circuits (current mirrors, amplifiers etc.) [1] . With the increasing complexity of ICs and systems-on-chip (SoC) and because of current requirements of low-power techniques in modern designs, BICS displays some constraints mainly related to the insertion losses, measured current resolution and required silicon area.
Giant magnetoresistance (GMR effect) is a magnetic coupling mechanism that can be obtained in multilayer structures of few nanometres thick, such as spin-valves (SV) or magnetic tunnel junctions (MTJ) [2] . In these devices, at room temperature, the resistance is a function of the external magnetic field, at optimal levels for being used as magnetic field sensors, up to the picoTesla limit [2] . GMR discoverers received the Nobel Prize in Physics in 2007 and GMR-based sensors have been successfully applied in read heads for hard disks, in automotive applications, biotechnology and, of course, electric current measurement [3, 4] .
If we focus on current measurement at the integrated circuit level, the advantages presented by the GMR sensors over its competitors (mainly Hall effect and Anisotropic MagnetoResistance, AMR, based sensors) are their greater sensitivity, higher level of integration and the measurement of fields parallel to the surface of the integrated circuit, which is highly interesting for current sensing [5] . In this sense, the applicability of SV structures to the measurement of low electric currents (below 1 mA) was demonstrated in [6] . Le Phan et al. developed MTJ-based current sensors for IC testing applications [7] . We have also experienced these particular properties of MTJ-based devices as the basis for analogue isolators [8] . SV structures have also been proposed for IC current in a differential configuration [9] . Their use in a full Wheatstone bridge configuration has also been reported [10] as well as in direct electric instantaneous power measurement at the IC level [11] .
In addition, GMR technology is compatible with standard complementary metal oxide semiconductor (CMOS) processes. Non-volatile electronics demonstrated it on a 1.5 μm BiCMOS technology [12] . Later, it was proposed the option of using chips from generic CMOS processes (0.25 μm NSC BiCMOS) [13] . More recently, we demonstrated the possibility of monolithically integrating GMR devices into different non-dedicated standard (2.5 μm from Centre Nacional de Microelectrònica (CNM) and 0.35 μm from Austria Microsystems) CMOS processes [14] .
Regarding interfacing, in typical resistor-based sensor applications (such as GMR), the resistive sensing devices are usually DC biased. The generated output signal is taken as an analogue DC voltage level, by employing traditional resistance-to-voltage (R-V) conversion approaches and, commonly, by also making use of amplifiers and filters [15] [16] [17] . As well known, these voltamperometric solutions usually display undesired voltage offsets that need to be specifically calibrated/corrected or taken into account [18] [19] [20] .
When compared with R-V converters, front-end schemes using AC excitation have been demonstrated highly advantageous for wide range devices or with unknown nominal/baseline values by improving the immunity to voltage offset, noise and frequency disturbs [15] . These approaches perform resistance-to-frequency (R-f) or voltage-to-frequency (V-f) conversions so providing a direct quasi-digital output whose frequency depends on the sensor resistance value [21] [22] [23] [24] [25] [26] . In addition, since the AC excitation of the sensor is made through a closed feedback loop, the output frequency is theoretically independent from the power supply level. They generally do not require any calibration procedure and/or manual adjustments and the output signal can be directly connected to the digital part of a system, making these solutions particularly interesting for A/D mixed-signal applications [27] . Moreover, these solutions can be easily used in integrated CMOS designs and SoCs since they are typically implemented with a reduced number of active/passive components [24, 28, 29] . In this particular case of GMR devices, an AC biasing is an additional advantage [13] , because of also their intrinsic nature showing a 1/f noise [30, 31] .
From all before considerations, here we propose two different topologies of quasi-digital CMOS easy-to-integrate front-ends particularly designed for current measurement in integrated circuits with GMR sensing technology. They are based on two complementary approaches both implementing oscillators which utilise only operational amplifiers (OAs) and some passive components. They are proposed for being suitable for the interfacing of both single resistors and resistive bridge configurations by performing R-f and V-f conversions, respectively. This paper is organised as follows. After this introduction, Section 2 describes the designed read-out circuits as current-to-frequency (I-f) converters, as stated above, to be used with both single-and bridge-based GMR sensor configurations. Post-schematic simulations designed at transistor level are here presented, also giving principal significant parameters for their integration in Austria Microsystems (AMS) 0.35 μm CMOS standard technology. In Section 3, we report on the experimental results achieved with the discrete components prototype printed circuit boards (PCBs), and the fabricated integrated GMR (both SV and MTJ) devices, together with a characterisation of the current-sensing devices, including noise analysis. Finally, we present the conclusions.
Interfacing circuits: I-f conversion
In the following, the proposed solutions are described in detail. The first solution is suitable for single resistive sensors since it performs an R-f conversion, whereas the second one can be considered more appropriate for resistive sensors in a bridge configuration by operating a V-f conversion.
R-f converter
The first proposed resistive sensor read-out system, shown in Fig. 1a , is an oscillating circuit performing an R-f conversion. This solution, based on the topology reported in [22] , is composed of an active inverting integrator (the first stage), which generates a ramp voltage signal V T , followed by a voltage comparator (the second stage), providing a square wave signal V OUT whose frequency depends on the value of the passive elements, in particular from the component R 0 ± ΔR 0 . The latter, representing the variable current-sensing resistive element (i.e. f(I ) = R 0 ± ΔR 0 , as stated before), allows to perform an I-f conversion. Moreover, since the circuit is based on a relaxation oscillator topology, the generated main output voltage V OUT represents, simultaneously, also the feedback signal, which closes the circuit loop, providing an AC excitation voltage to the GMR sensor (i.e. R 0 ± ΔR 0 ).
It can be demonstrated that, for ideal conditions, the circuit oscillation frequency, as a function of R 0 ± ΔR 0 , can be expressed as follows
Furthermore, from (1), by considering the relative variations ΔR 0 of the sensing element, it is possible to obtain the theoretical deviation Δf of the output oscillation frequency f, from its offset value f 0 , as reported in the following equation
V-f converter
The second proposed interface solution, whose schematic is shown in Fig. 1b , is also an oscillating circuit performing a V-f conversion. This circuit topology, which is a novel modified and simplified version of that proposed in [21] , is composed of: a voltage buffer (the first stage) which decouples the bridge output node V A from the low-impedance inverting input of the next stage avoiding load effects to the branch of the bridge; an inverting voltage integrator (the second stage) which generates a ramp voltage signal V T ; a voltage comparator (the third stage) providing a square wave voltage signal V OUT whose frequency depends on the output differential voltage of the bridge (i.e. V B − V A ). This last, in fact, represents the differential voltage across R which generates a suitable current level charging (and discharging) the capacitor C. In addition, the closed feedback loop of the relaxation oscillating circuit allows generating the output square wave V OUT which, simultaneously, acts also as the AC exciting voltage signal for the GMR-based full-bridge. In this case, the four resistors of the bridge can be considered the variable current-sensing resistive elements (i.e. R 1 , R 2 , R 3 and R 4 are dependent from the current I, as stated before) allowing to perform once again the I-f conversion. Also in this case, from analysis based on ideal conditions of the circuit, the output oscillation frequency, as a function of the four bridge resistors, can be generally evaluated as
www.ietdl.org considering that the two output saturation voltage levels of the comparator have the same module value, the four resistors of the bridge have the same baseline values R 0 and R 1 = R 3 decrease (i.e. R 0 − ΔR 0 ), whereas R 2 = R 4 increase (i.e. R 0 + ΔR 0 ). Therefore, taking into account only the effect of the relative variations ΔR 0 of the four sensing elements, with respect to the same baseline R 0 , (3) can be easily expressed as follows
Consequently, for this circuit configuration, the theoretical deviation Δf of the output oscillation frequency f, depending on the variation of the ratio ΔR 0 /R 0 named δ, can be evaluated by
Simulation results in AMS 0.35 μm standard CMOS technology
With integration purposes in mind, the performance of the proposed I-f converters, designed at transistor level as a single chip in AMS 0.35 μm standard CMOS technology has been analysed. In particular, the complete integrated solutions have been powered at 3.3 V single supply voltage and, in both the cases, the voltage reference VREF has been set to 1.65 V. In addition, the employed OAs are from the analogue standard library (i.e. from the Hit-Kit of AMS) of the considered CMOS technology. The maximum power consumptions and the estimated required silicon areas of the complete integrated systems are about 121 μW and about 0.1 mm 2 for the circuit of Fig. 1a and 97 μW and about 0.2 mm 2 for the solution reported in Fig. 1b . In this sense, the proposed electronic front-ends can be considered suitable solutions for low-voltage low-power applications, such as portable battery-powered microsystems and biological/biomedical instrumentations.
Different simulations have been performed, with Spectre tool in CADENCE environment, for evaluating the output oscillation frequency change with respect to the typical variation of the resistive elements emulating the GMR sensors.
More in detail, Fig. 2a reports the simulation results concerning the R-f converter (see Fig. 1a ) analysis, showing the percentage relative variation of the oscillation frequency Δf/f 0 as a function of the percentage relative change of the sensor resistance ΔR 0 /R 0 , considering a maximum variation range of ±1% (typical for linear GMR devices) and for different R 0 values. Through these simulations, it has been demonstrated that the circuit is capable to operate, by properly setting its passive external component values (i.e. R 3 and C 1 ), in a wide dynamic range managing sensor resistances with values from 700 Ω up to 7 kΩ (typical range for GMR resistors), while keeping a very good linearity. In particular, referring to Figs. 1a and 2a, simulations have been conducted by setting R 1 = 3.3 kΩ, R 2 = 4.7 kΩ (which have been implemented as on-chip integrated passive components), whereas R 3 and C 1 have been considered off-chip external passive elements whose values can be properly set depending on the resistive sensor baseline R 0 of the employed resistive sensor so to better regulate both the starting output oscillation frequency f 0 and the circuit linear dynamic range, sensitivity and resolution. In this sense, for each considered value of R 0 , a different couple of R 3 and C 1 have been configured so achieving suitable starting frequencies f 0 , sensitivities and good linearity coefficients, as detailed in Table 1 .
Concerning the V-f converter circuit reported in Fig. 1b,  simulation results showing the output oscillation frequency f values as a function of the percentage relative variation of the sensor resistance ΔR 0 /R 0 , ranging from ±0.01 to ±1%, are shown in Fig. 2b . In this case, the resistor R has been fixed to 1 kΩ (which has been implemented as an on-chip integrated passive component), whereas the four resistors of the bridge have been considered matched and having the same baseline value R 0 = 1.2 kΩ. By means of the results depicted in Fig. 2b , it has been proved that the circuit can manage wide dynamic relative variations of the bridge resistances showing a very good linearity, also for different sensitivity settings. More in detail, the capacitor C (which has been considered as an off-chip external passive element) has been suitably set to four different commercial values, depending on the baseline of the employed resistive sensors in practical cases, as well as to properly regulate externally the output operating frequency, sensitivity and resolution of the circuit and its linear dynamic range, achieving the results reported in Table 2 .
Furthermore, it is also important to consider that, for example, by fixing C = 470 pF, R = 1 kΩ and considering the same resistances variation range (i.e. up to 1%), the change of the oscillation frequency Δf as a function of the resistive percentage variation ΔR 0 /R 0 is quite a constant value (i.e. a constant sensitivity), because of the bridge configuration intrinsic characteristic, also for different values of R 0 (i.e. from 700 Ω up to 7 kΩ, considering four ideal bridge resistors with the same R 0 value). In this sense, several simulations have been also performed showing the same sensitivity value of about 7.95 kHz/%.
Experimental results
The proposed electronic front-end circuits, reported in Fig. 1 , have been implemented through the fabrication of prototype PCBs by employing discrete commercial components: TL081 by Texas Instruments as OAs, powered with a dual supply voltage equal to ±5 V, sample resistors and capacitors. In these cases, the voltage reference VREF has been set always to 0 V (i.e. to ground (GND)).
Different experimental measurements have then been performed by testing the capabilities of both complete systems (front-ends and sensors) to properly measure the current flowing into the integrated strips embedded with the GMR devices. In particular, several accurate measurements to www.ietdl.org evaluate the overall characteristic and performances in current detection have been done through an automatic measurement/ acquisition system, as detailed in the following. This measurement system has been suitably developed in LabView environment (by National Instruments), using a properly data acquisition (DAQ) board so to both control the programmable current generator (Keithley 220), employed to set the current level to be released, and to acquire the data related to the circuits output frequency measurement from a digital multimeter (Agilent 34401A).
GMR-based sensing devices
The GMR devices used in the present work were fabricated at the clean room facilities of INESC-MN at Lisbon. The details of the fabrication process of such devices can be found in [8, 10] . Since SV and MTJ have demonstrated to be the preferred GMR technologies in a major range of linear applications, both technologies have been considered in the present study. An SV consists of two ferromagnetic layers, separated by a non-magnetic conductor spacer, usually Cu. This case, current flows in the layers plane (CIP). An MTJ consists of two ferromagnetic layers, separated by an oxide isolation layer. This case, the current flows perpendicular to the layers plane (CPP) and crosses the isolating barrier by tunnel effect (see figures in Table 3 ). In both cases, an external magnetic field changes the relative orientation of the magnetisation vectors and, then, the resistivity. A comparative table of qualitative characteristics comparing both technologies is given in Table 3 . When current lines are integrated during the fabrication process, current sensors can be obtained. The concept is explained in Fig. 3a . A real physical realisation by using www.ietdl.org 296 SV as basic elements is shown in Fig. 3b . Being GMR elements simple resistors, they can be used alone, connected in series or parallel and configured as bridges. In this way, different sensor impedances and arrangements can be considered. Regarding bridges, for obtaining a full-bridge behaviour, the integrated current lines should be meandered in such a way that the bridge is fully unbalanced when the current flows from I in to I out . The bridge is biased through terminals B+ and B− and the voltage is taken from terminals O+ and O− , as described in Fig. 3c . The physical realisation of a real device by using SV as basic elements is also shown in Fig. 3d . So obtained devices were encapsulated before their use.
As mentioned, single devices and full bridges, based on SV and MTJ elements were considered. In both cases, we made use of a crossed axis configuration [10] , with a very low hysteresis. In addition, when Wheatstone bridges are used, thermal drifts are significantly reduced [10] . These devices were characterised and the obtained parameters are collected in Table 4 (note that the numbers shown in the table represent the materials used for the particular devices studied here). The impedances of the devices can be tuned for a particular application by changing the number of elements. The sensitivity is related to the intrinsic response of the GMR structures, but also to the width of the current strips. The current strip width also affects the insertion resistance.
For low signal uses of GMR devices, as is the case, one must pay particular attention to the noise level. As well known, GMR devices display 1/f noise. MTJ display a higher noise level when compared with SV, so their higher sensitivities (see Tables 3 and 4) are not associated with better performance (a good review comparing SV and MTJ noise levels can be found in [32] ). In fact, it can be demonstrated that the relationship between the signal-to-noise ratio of SV and MTJ devices and their magnetoresistance level (MR and TMR, respectively) is [3] SNR MTJ SNR SV = 0.29 TMR MR
We have measured the amplitude spectral density (ASD) level of the considered devices at the frequencies of interest. We have made use of a measuring setup consisting of a National Instruments DAQ card with 24 bit of resolution and 200 kHz bandwidth and noise spectral density of 8 nV/ √Hz at 1 kHz. A low-noise amplifier with a 2 nV/√Hz noise in a frequency band from 0.3 Hz to 100 kHz and the voltage gain of 1000 was designed. For the measurement, the devices and the bias batteries were conveniently shielded. A LabView program was also developed for controlling the system and obtaining the ASD. We can show the results in Fig. 4 for different DC bias currents from which it is possible to easily observe the 1/f behaviour. In the case of SV (Fig. 4a) , for frequencies near to 10 kHz, and for the usual bias current of about 1 mA, signals below 100 nV can be measured. By considering a sensitivity of about 1 mV/V/mA (from Table 4 ), currents below 0.1 μA can be theoretically measured with these devices. A similar analysis can be made for the MTJ case.
I-f conversion with single devices
Referring to the circuit of Fig. 1a and considering both kinds of sensing devices (SV and MTJ, see Table 4 ), Fig. 5 reports on experimental measurements, referred to three different values of the driven current I (i.e. −10, 0 and +10 mA), showing the main voltage signals V T and V OUT generated by the circuit (see Fig. 1a ) and the correspondent output oscillation frequency f. According to (1) and (2), the frequency variation is related to the changing of the GMR sensor resistance because of the variable the current sensing.
More in particular, regarding the SV GMR devices, Fig. 6a reports experimental results and data linear fitting, concerning the measured oscillation frequency f mean values as a function of the current I. These results demonstrate the capability of the complete system (circuit and sensor) to reveal current variation of 50 μA. Furthermore, concerning the MTJ devices measurements, Fig. 6b depicts experimental data and its linear fitting, concerning the oscillation frequency f measured mean values as a function of the current I. Also in this case, the experiments demonstrate the capability of the front-end, together with the sensor, to reveal current variations of 50 μA.
The setting values for the R-f converter circuit passive components (see Fig. 1a ), employed to perform measurements with both the GMR sensors shown in Figs. 5 and 6, are reported in Table 5 together with the collected experimental data related to both different circuit configurations and considered devices (i.e. SV configuration 
I-f conversion with full bridges
Regarding the circuit presented in Fig. 1b and considering both sensing bridge devices (SV and MTJ), Fig. 7 reports on current measurements, referred to three different values of the current I (i.e. −10, 0 and +10 mA). It shows the main voltage signals V T and V OUT , generated by the circuit, and the correspondent output oscillation frequency f whose variation, agreeing with (3)- (5), is related to the changing of the differential output voltage of the bridge because of the four GMR sensor resistance variations employed for the current sensing.
More specifically, concerning the SV bridges, experimental results and data linear fitting concerning the oscillation frequency f measured mean values as a function of the current I are shown in Fig. 8a . As observed, this circuit configuration, together with the SV devices in a resistive full-bridge topology, shows the capability to reveal current variation as low as 2 μA ( <0.1% F.S.) which is a promising result for low-power ICs.
Finally, with this V-f converter circuit, several current measurements with MTJ bridges have been performed. In particular, Fig. 8b reports experimental results and data linear fitting, concerning the oscillation frequency f measured mean values as a function of the current I. In this last case, the complete system is able to reveal current variation of 10 μA. Table 6 shows the considered values for the V-f converter circuit passive components (see Fig. 2a ), employed to perform measurements with both GMR sensors depicted in Figs. 7 and 8. Moreover, the main experimental results, achieved with the same circuit configuration (corresponding to a suitable trade-off between the circuit sensitivity and output oscillation frequency) and employing the two different resistive devices in a full-bridge topology have been also reported.
Furthermore, as a final remark, it is important to highlight that for this last circuit, since it converts an input differential voltage into an output frequency, the initial unbalancing of the bridge (i.e. the starting differential output voltage), depending on the baseline values of each employed GMR sensors constituting the resistive bridge, provides a voltage offset which imposes the starting oscillating frequency f 0 . However, through the capacitor C it is possible to change the value of f 0 , even if it acts also on the circuit sensitivity value (see Fig. 3 ). In addition, when it is possible and depending on the application, by changing/varying one (or more) of the four bridge resistors, the output of the bridge can be easily calibrated reaching the equilibrium point with a reduced (or null) differential output voltage. This, ideally, corresponds to a sort of power off of the circuit since, in the case of a zero output offset, there is not any oscillation, according to (3)-(5).
Conclusions
We have demonstrated the use of GMR devices with two different quasi-digital approaches for electric current monitoring at the IC level. In this sense, we have developed specific R-f and V-f converters for being used with single elements and full Wheatstone bridges sensor configurations, respectively. These circuits are fully integrable in a standard CMOS technology and are also fully configurable since they can be tuned to a wide range of operations. We have tested them with SV and MTJ resistive devices in order to offer to the designers all the current detection possibilities regarding this emerging technology. For the best case, we have obtained a resolution down to 2 μA, comparable with that obtained with traditional BICS.
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